Acoustic radiation forces offer a means of manipulating particles within a fluid. Much interest in recent years has focussed on the use of radiation forces in microfluidic (or "lab on a chip") devices. Such devices are well matched to the use of ultrasonic standing waves in which the resonant dimensions of the chamber are smaller than the ultrasonic wavelength in use. However, such devices have typically been limited to moving particles to one or two predetermined planes, whose positions are determined by acoustic pressure nodes/antinodes set up in the ultrasonic standing wave. In most cases devices have been designed to move particles to either the centre or (more recently) the side of a flow channel using ultrasonic frequencies that produce a half or quarter wavelength over the channel respectively.
Introduction
An acoustic discontinuity within a sound field will generally experience a force due to the scattering of the wave by the discontinuity. Such forces occur in both progressive waves and standing waves and are due to a nonlinear interaction [1] . The acoustic radiation forces generated on small particles (relative to the wavelength) within an ultrasonic standing wave are significantly higher than forces produced within progressive waves, and systems based around ultrasonic standing waves are of interest for particle manipulation in microfluidic (or "lab on a chip") systems. Such systems are particularly promising for the handling of micron-scale biological cells for applications such as preparation [2, 3] or fractionation [4, 5] of samples prior to analysis, the formation of aggregates for cell interaction studies [6] , or for biosensor enhancement [7, 8] . Although high-intensity ultrasound can be used to destroy cells [9] , there is now a significant body of evidence to show that, at the energy levels required for particle manipulation, cell viability is maintained [10, 11] along with the propensity of the cells to proliferate following exposure [12] .
A variety of approaches to manipulation have been reported, including the use of focussed ultrasound [13] or near-field effects [14] to trap particles, the use of two or more transducers to modulate the standing wave field [15] , or the use of plate waves coupled into the containing fluid to excite the field [16] . However, the use of a simple planar layered resonator with a single transducer [1, 17, 18] offers the simplest approach to establishing a predictable USW suitable for particle movement.
Planar USW systems may employ resonators that are larger than a wavelength and contain multiple pressure nodal planes [19] , but for microfluidic scale devices, a resonant cavity with a thickness in the direction of sound propagation that is lower than the operating wavelength is typically employed [2, 20] . Such sub-wavelength resonators generally rely for their operation on precise positioning of the pressure node, to which particles will migrate. In these systems the ability to design a resonator that will operate with a high efficiency and have the required acoustic mode shapes is critical. In order to keep temperature increases within acceptable limits, these devices must be operated at modes which are associated with high acoustic energy densities in the fluid. Further, the size of microfluidic resonators typically places tight tolerances on device manufacture and the expense of many microfabrication methods precludes an iterative experimental approach to their development. Hence, the ability to design sub-wavelength resonators that are efficient, robust and have the appropriate acoustic energy distribution is important.
Modelling of planar multilayered resonant structures allows appropriate layer thicknesses to be calculated for placement of pressure nodes at known positions within the fluid layer [18, 21] , including placing the pressure minimum at the reflector boundary [22] . As an example, Figure 1 shows a multilayer structure, typically used as the basis for an ultrasonic manipulator. It is required to position a pressure node at a predetermined point in the fluid layer. Previously this has been achieved by adjusting the thicknesses of the various layers to achieve an acceptable pressure profile within the fluid layer. Particles will generally (see Gröschl [1] for conditions and counter-examples) be transported towards pressure nodes within the field. A simple case of this is where the fluid layer is made to be half a wavelength deep at the operating wavelength (Half wave device). This would give a pressure anti-node (velocity minimum) at the reflector and carrier layer boundaries, leading to a pressure node in the centre of the fluid layer. An alternative strategy would be to generate a resonance in the reflector layer which can have approximate pressure release boundary conditions, and under these conditions the node in the fluid layer would be at the fluid/reflector boundary (Quarter wave device). Designs usually aim to optimize the response for a given node (although it is possible to design for multiple conditions [23] whereby particles can be moved from the centre to a surface, for example) but for accurate positioning of that node, system constraints are quite severe, requiring close tolerances of the thicknesses of the various layers, and good knowledge of their material parameters. Although this can be mitigated to a certain extent by choosing the least sensitive solutions to the controlling equations [24] a solution that allowed adjustment of the position of the node without requiring the remaking of the device would be a significant development in these types of system. This paper reports a technique that allows exactly this adjustment to be achieved, by electronic variation. The chamber is driven alternately at its half wave and quarter wave frequencies, and by varying the duty cycle and amplitude, it is possible to move particles to an arbitrary position between these two limits. Switching between modes has been reported by Petersson [25 p .51], however its use there was as a means of effecting fractionation by exploiting the different velocities of particles of different sizes as they moved between node positions. Modulation of drive frequencies is described by Manneburg et al. [26] , where both high (1kHz) frequency modulation is used to average the force profile from several similar acoustic modes, and also low (0.5Hz) frequency modulation to achieve particle transport. Mode switching is presented here in the context of a conventional planar resonator, such as that shown in Figure 1 , but should be equally applicable to switching between appropriate modes in a laterally excited resonant chamber such as those described by Petersson et al. [5, 20, 25] .
Modelling force profiles due to mode-switching
As described above, the aim of this work is to generate a time-averaged force profile by switching between the force profiles produced by two modes with different nodal positions. The switching frequency used will determine the frequency and amplitude of particle oscillation about the effective agglomeration position and the frequency must be sufficiently low for transient effects in the drive circuitry, transducer and resonant field itself to be short in comparison with the switching period. In addition, for the timeaveraging to be a matter of simple, weighted superposition, the change in force as a particle moves within each switching period must be small in comparison with the force itself. This condition is considered in more detail in the following.
For a planar resonator of the type illustrated in Figure 1 , the force profile through the fluid layer for both the quarter and half-wave modes may be expressed as [1] :
where A is the force amplitude, a the node position offset (see below), z the distance from the carrier-layer/fluid boundary, and k the wave number of the ultrasonic standing wave given by c f k
where c is the speed of sound in the liquid, and f the frequency of the ultrasound. Figure 2 shows the force profiles through the fluid layer for an idealised device in which the wavelengths of the quarter and half-wave modes are exactly one quarter and one half of the fluid layer height. The fluid layer is 200µm thick, force amplitudes both 1pN, and a=0. The bottom of the graph corresponds to a point where the carrier layer meets the fluid, and the top the boundary with the reflector. A positive force is a force towards the reflector. The circles show the position of the pressure node in the standing wave -in the absence of other forces a particle will be moved towards these points. With the quarterwave mode a particle will experience a force at any point in the fluid layer towards the reflector, while with the half-wave mode particles will experience a force towards the centre of the fluid layer.
In a real device, the chamber does not have to be exactly one half or quarter wavelength (for instance to force a particle against the reflector it is useful to have the quarter-wave node located some distance into the reflector); thus the pressure nodes can be offset from the ideal position shown here, modelled by the inclusion of a in equation 1 above. Also, under the action of gravity, the effective equilibrium position will be offset from the pressure node.
We now consider switching the drive to the transducer rapidly between the frequencies that produce the half and quarter-wave modes -effectively frequency modulating the drive signal with a square wave. By varying the mark to space ratio of the modulating square wave the proportion of quarter wave to half wave can be varied. If the modulating frequency is high enough that the particle does not have time to move to an area of significantly different force before switching to the other mode then the macroscopic effect can be approximated as being due to a single time-averaged force profile given by
where α is the proportion of time the quarter wave is on, and F Q and F H are the acoustic force profiles produced by the quarter-and half-wave modes respectively. This modulating frequency condition will be met (and should be met for both the quarter and half-wave modes) if
that is, if the change in force experienced by a particle as it moves under the acoustic force though the time period of the modulation is much less than the force it initially experiences. In a microfluidic system with low Reynold's number the motion of the particle will be dominated by viscous drag (this approximation can be seen to be valid in the experiments described below, where the maximum time period is found to be of the order of a tenth of a second, while the terminal velocity, will be approached in a few tens of microseconds), leading to a terminal velocity, given by Stokes's formula, of
where µ is the dynamic viscosity and r the bead radius. Thus the distance moved by the bead during the modulation time period is approximated by t v z t = ∆ (6) where t is the time period of the modulation.
Substituting equations 1 and 6 into equation 4, we have
Taking the maximum value of the cos() term as 1 (which corresponds to a particle at a point in the fluid where the force is at a maximum), and substituting equation 2, we have
The approximations made in this derivation allow for worst case situations (the whole of the time period is devoted to one mode, and the bead is at a position of maximum force), and in practice we envisage that the technique may still be effective if time period longer than that indicated by equation (8) . The equation is still useful, however, as it provides a simple means of ensuring that equation (3) will be valid throughout a given device. Figure 4 plots the agglomeration position versus α. The relative strengths of the two modes (which will also depend on the acoustic losses found at each frequency) can be varied by modifying the drive voltage during the respective parts of the cycle: Lines (b) and (c) illustrate the effect of having a half-wave mode stronger than the quarter. Gravity is not included in (a), (b) and (c) -which could represent a device turned on its side; the simulation of line (d) includes a 0.1pN force from gravity acting towards the carrier layer. In the absence of gravity, the agglomeration position depends only on the ratio F H / F Q and α.
Comparing cases (b) and (d) which both have F H = 2F Q it can be seen that the effect of gravity is most pronounced when there is just enough of the half-wave to move the agglomeration position away from the reflector (around 80% quarter-wave in this case). This is due to the acoustic forces working against each other, and producing a weaker resultant F QH .
It should be noted that the new agglomeration position is effectively a position of stable equilibrium -if the particle is displaced from the agglomeration position, it experiences a restoring force towards that position. However, feedback and control may be useful to fine-tune the agglomeration position to counteract positional uncertainties produced by finite manufacturing tolerances of a device.
A microfluidic chamber demonstrating mode switching
To demonstrate the effect of mode-switching experimentally, the chamber shown in Figure 5 was constructed; Table 1 lists its key dimensions in the column headed "circular chamber". It comprises a PZT transducer (Ferroperm, PZT26) glued (Epotek 301 epoxy) to a carrier layer milled from Macor (a machinable ceramic material). A steel spacer fixes the height of the channel, which is bounded by a moulded silicone elastomer gasket. The reflector layer is formed from a microscope slide of soda-glass. A PMMA manifold permits fluidic connectors to deliver a bead / water mixture to the chamber. The beads are 10µm diameter fluorescent polystyrene beads (Polysciences Inc., Fluoresbrite microspheres). The acoustic properties of the chamber were designed using the process described by Hill et al. [24] . The modelling predicted the frequencies of the half-and quarter-wave modes, and their associated node positions as illustrated in Figure 6 .
To measure the strengths of each of the two modes, a polystyrene bead was levitated and the threshold voltage where the bead begins to sediment recorded, in a manner similar to the method described by Martin et al. [8] . At the point where the bead is just about to begin to sediment the acoustic force is exactly balanced by the gravitational and buoyancy forces. For the 10µm diameter beads of density 1.055kg/m 3 [8] the effective gravitational force (i.e. subtracting the effects of buoyancy from the gravitational body force) is 0.283pN. The beads were found to drop at amplitudes of 9.5Vpp and 5.6Vpp for the quarter and half-wave modes respectively. Since the acoustic force is proportional to the square of the drive voltage amplitude, this means that operating the device at 17Vpp the force amplitudes take the values: F Q = 0.906pN and F H =2.61pN ±8%. The estimated error associated with these values stems from the difficulty in distinguishing between a particle sedimenting very slowly and one still levitating. Further complicating measurements is the fact that there are lateral variations in the strengths of the acoustic field due to lateral acoustic modes [27] [28] [29] . These variations can cause particles to migrate slowly during an experiment into areas of different field strength. To maintain consistent results, all the data presented here is for beads in an area, around 100µm in diameter, in the centre of the fluidic chamber. The magnitude of the acoustic forces predicted by the one-dimensional model was found to be larger than that found experimentally (see below), perhaps due to poor estimates of damping or due to energy being transmitted into structural and lateral modes.
To measure the height at which beads were held, a marked scale on the focusing adjustment of a Motics (B3 professional series, 10x objective) microscope was used. After compensating for the refractive effect of the fluidic and reflector layers, an accuracy of about ±4µm was attainable. Beads were illuminated with a 405nm violet laser to permit easy visualisation. To drive the transducer a function generator (TTi TG1304) was used. Using a viscosity of 10 -3 Pa.s and sonic velocity of 1480ms -2 for water, it is found that for the average force equation (3) to hold, the modulation frequency must be much greater than 1.0Hz. A modulation frequency of 100Hz was chosen to meet this condition.
The position of the quarter wave node was estimated to be about 2µm into the reflector -found by adjusting model parameters to match the observed particle drop height in the levitation experiment (since the bead touches the reflector when its centre is 5µm from the reflector it is not possible to observe the node height directly). The position of the half-wave node was found to be 94µm from the carrier-layer/fluid boundary -this was derived from the observed bead position, and allowing for the effect of gravity. Figure 7 shows the predicted force profiles using the experimentally determined force amplitudes and node positions. It is interesting to note that in the half-wave mode there is a pressure anti-node near the bottom of the device: particles near the bottom of the fluid layer will be forced downwards towards the carrier layer, and not reach the nodal position near the centre of the fluid layer -this does not interfere with the demonstration of the mode-switching, as the quarter-wave mode can be used to raise particles above the anti-node prior to beginning experiments.
Having estimated the force profiles due to each mode, equation (3) can be used to predict the agglomeration position for different values of α. Figure 8 shows the experimental results for effective agglomeration position versus proportion of quarterwave, and compares them to the these modelled results. The error bars show only the measurement error in the height. The results show good agreement with the modelling. Repeating the experiment, it was found that beads in the same lateral location return consistently to the same height.
In order to test mode-switching in a flow-through device, a second chamber was tested and this is shown diagrammatically in Figure 9 . This chamber is also constructed from Macor and incorporates a glass slide as the reflector layer. Parameters of this device are shown in Table 1 in the column headed "Flow-through Chamber". To estimate the agglomeration position a microscope is used to look through the glass slide above the outlet, and is focussed on a plane approximately half way down the outlet channel. Since laminar flow preserves the flow structure, the position of the beads in the outlet will reflect the height they were moved to by the ultrasonic wave. Figure 10 shows the beads being moved to a range of different effective agglomeration positions in the flow through device. The beads are a mixture of 10 and 20µm diameter of the type described above. Using the different bead sizes was intended to verify that the final position of the beads is independent of the bead size, however it is found that the sedimentation that occurs between manipulation and viewing the beads in the outlet channel causes them to be found at different positions (see below).
In Figure 10a , excitation is almost entirely via the half-wavelength mode and particles are collected at the centre of the outlet, showing they were agglomerated in the centre of the channel. As the percentage of quarter-wavelength excitation increases, particles move towards the right of the outlet until in Figure 10d the beads have been moved to the right hand side (see below for the effect of gravity) of the outlet, which corresponds to the beads having been near the glass slide side of the fluid channel as they flowed over the transducer. It can be seen that as the proportion of quarter-wave mode is increased that the agglomeration position shifts towards this height in the channel. It should be noted that particles sediment a little under the action of gravity in the region of the channel between the end of the transducer and the outlet, so the position of the beads in the outlet does not correspond exactly to the position of the beads in the channel; nevertheless it provides a good demonstration of the consistent control over particle position provided by mode-switching. The amount of sedimentation that occurs is inversely proportional to the flow-rate: an increased flow rate will allow less time for sedimentation. In this experiment the flow rate was 1.8 mm.s -1 in the chamber, which means that a 20µm bead (density 1055 kg.m -3 ) can be expected, from equation (5), to sediment a distance of approximately 14µm in the 2mm between the edge of the transducer and the outlet, though uncertainties over the strength of the acoustic field near the edge of the transducer limit the accuracy of this calculation.
Conclusions
It has been shown that it is possible to control the agglomeration position in a multimode chamber by switching in a controlled manner between those modes. Mode-switching offers a predictable and effective means of positioning particles at any arbitrary position between the half and quarter-wave node positions in an ultrasonic particle manipulator. The approach has been demonstrated in two chambers both with and without flow.
Agglomeration position is sensitive to variations in the relative strengths of the two modes and some lateral variations are observed. However, this approach allows a "fine tuning" of ultrasonic manipulation while maintaining resonant (and hence efficient) operation. Potential advantages offered by such control include the ability to compensate for design tolerances in resonant chambers and the potential to maintain precise positioning of particles despite changes in temperature and/or suspending fluid characteristics. 
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